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The function of the open reading frame 2 product (p2) of cacao swollen shoot virus (CSSV) and of other badnaviruses is
not yet determined. Their carboxyl-termini are lysine and proline rich and also contain alanine residues, amino acids present
at the C-termini of histone-like proteins. Full-length CSSV p2 (132 amino acids) or versions truncated at the C-terminus
(128, 113, 103, or 101 amino acids) were expressed in Escherichia coli and partially purified. When assayed in nucleic acid-
binding tests, p2 was able to interact with CSSV and other double-stranded DNAs and with CSSV and other single-stranded
RNA transcripts in a sequence-nonspecific manner. Moreover, this binding activity was progressively lost as the C-terminus
was gradually deleted. q 1996 Academic Press, Inc.
Cacao swollen shoot virus (CSSV) is a member of the (for a review, Churchil and Travers, 1991). Sequence-
nonspecific DNA binding has already been demonstratedbadnavirus group. The badnaviruses, like the caulimovi-
ruses, are pararetroviruses and constitute another group for the gene III product (p3, 15 kDa) of cauliflower mosaic
virus (CaMV) (Mougeot et al., 1993), the type memberof DNA viruses infecting plants (for a review, Rothnie et
al., 1994). The nonenveloped bacilliform CSSV particle of the caulimoviruses. Moreover, recent studies on the
interaction between a peptide derived from the bovinecontains a circular double-stranded DNA molecule, inter-
rupted by site-specific discontinuities (Lot et al., 1991) immunodeficiency virus Tat protein and the transactiva-
tion response element RNA suggest that the majorresulting from its replication by reverse transcription
(Medberry et al., 1990; Bao and Hull, 1994; Laco and groove of RNA and the minor groove of DNA may share
common recognition features (Chen and Frankel, 1995).Beachy, 1994), which probably occurs in the cytoplasm
Consequently, in the present work experiments were car-of infected cells as for caulimoviruses (Mazzolini et al.,
ried out in order to test whether the CSSV p2 protein has1989). The CSSV DNA sequence (7161 bp) possesses
the ability to bind not only to DNA but also to RNA.five putative functional open reading frames (ORF) all
located on the plus strand (Hagen et al., 1993) (see Fig.
1). ORF 1, X, and Y correspond to proteins of 16.7, 13.1, MATERIALS AND METHODS
and 14.1 kDa, respectively, of as yet undetermined func-
tion. ORF 3 encodes a polyprotein of about 211 kDa, Cloning of CSSV ORF 2 or deleted forms in an
encompassing a movement protein domain, the coat pro- expression vector
tein, and consensus sequences for aspartyl proteinase,
p2ex20, a pBluescript (KS/) recombinant bearing thereverse transcriptase, and RNase H (Hagen et al., 1993).
XbaI–XbaI CSSV DNA fragment corresponding to nt 212ORF 2, located between nucleotides 869 and 1267, codes
to 1443 of the viral genome and derived from the full-for a 14.4-kDa protein (p2). Its sequence, as well as those
length genomic clone pS2 (Hagen et al., 1993, accof the ORF 2 products of other badnaviruses, contains
L14546), was used as a template for PCR amplificationseveral proline and lysine residues at its C-terminus
of the ORF 2 region. PCR was performed using the primer(Mougeot, 1995). These amino acids are also present at
pair 5* ACGTAAGTGCCcatatgACTGATAGCCCAGCCTAthe C-termini of histone H1, histone-like proteins, and
3* (corresponding to CSSV nt 869–889, in bold, and in-the gene III product of caulimoviruses (Mougeot, 1995);
cluding an NdeI site) as the forward primer and 5* AGG-there is evidence that the proline-rich region binds to the
GCTGTggatccCTACTCTTTCACAGGCTTAA 3* (corre-minor groove of DNA in a sequence-nonspecific manner
sponding to CSSV nt 1267–1248, in bold, and including
a BamHI site) as the reverse primer. The amplified frag-
ment was cloned into the NdeI and BamHI sites of pET3a1 To whom correspondence and reprint requests should be ad-
dressed. Fax: 33-88 61 44 42; E-mail: Pierre Yot@choufle.u-strasbg.fr. in front of the T7 RNA polymerase inducible promoter
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heated at 657 for 15 min and centrifuged as before to
yield the supernatant S2. Proteins were analyzed by
SDS–PAGE in an 18% (w/v) gel (Laemmli, 1970) after
staining with Coomassie blue. Protein concentrations
were determined by the Bradford method (Bradford,
1976).
Nucleic acid-binding assay
Proteins fractionated by electrophoresis were electro-
transferred onto a nitrocellulose membrane (Towbin et
al., 1979) and renatured by rinsing the membrane in 20
mM Tris–HCl, pH 7.9, 10 mM NaCl, containing 3 g/liter
Ficoll and 3 g/liter polyvinylpyrrolidone (Mellor et al.,
FIG. 1. Genome organization of CSSV based upon the nucleotide 1985). The membrane was then incubated in the same
sequence (from Hagen et al., 1993). Arrows indicate open reading buffer with 32P-labeled CSSV DNA fragment (nt 869–
frames 1, 2, 3, X, and Y, all located on the plus strand. Putative functions
1267) made by random priming (Feinberg and Vo-for ORF 3 are indicated.
gelstein, 1983) or with 32P-labeled RNA made by in vitro
transcription (Greif et al., 1990) of a CSSV DNA fragment
(nt 3168–3666). After washing (twice for 1 hr each), the(Rosenberg et al., 1987). The resulting plasmid pETA2
location of the radioactive nucleic acid fixed on the mem-was transferred into Escherichia coli BL21/DE3(plysS)
brane was determined by autoradiography. In parallel,(Studier and Moffatt, 1986) by electroporation.
other probes were used: pBR322 DNA and CaMV DNARecombinants were selected in the presence of ampicillin
32P-labeled by random priming, and [32P]RNA comple-(200 mg/ml) and chloramphenicol (25 mg/ml). Similarly, plas-
mentary to the 3*-terminal 200 nucleotides of beet west-mids were constructed to produce a set of p2 proteins
ern yellows virus (BWYV) (Reutenauer et al., 1993).truncated at the C-terminus using the above forward primer
and one of the following reverse primers containing a
BamHI site: 5* AGGGCTGTGggatccCTACTTAAGTGTGAT- RESULTS
CTTAGCCTTTTC 3* (corresponding to CSSV nt 1252–1229,
Partial purification of CSSV p2 proteinsin bold), 5* AGGGCTGTGggatccCTAATCTTTGAATCCAAA-
CAGCGTTCC 3* (corresponding to CSSV nt 1207–1184, in Cloning into the NdeI and BamHI sites of pET3a leads
bold), 5* AGGGCTGTGggatccCTACTCGGGTTTTCTTGT- to the production of a protein without a fusion domain.
GACTTTTGC 3* (corresponding to CSSV nt 1177–1154, in Analysis by SDS–PAGE of the different fractions ob-
bold), or 5* AGGGCTGTGggatccCTATTTTCTTGTGACTT- tained after lysis of the bacteria is illustrated in Fig. 2.
TTGCCTCTC 3* (corresponding to CSSV nt 1171–1149, in P2 protein has anomalous electrophoretic mobility with
bold). The resulting plasmids were designated pETA2D1, an apparent molecular mass of 18 kDa, for reasons unex-
pETA2D2, pETA2D3, and pETA2D4 and allowed the syn- plained so far. It is mainly found in the supernatant S1
thesis of proteins p2D1, p2D2, p2D3, and p2D4, respec-
tively. All plasmid constructions were confirmed to be error-
free by sequencing using the dideoxy chain termination
method.
Production of complete p2 protein and truncated
forms
E. coli BL21/DE3(plysS) recombinants were grown in
LB medium (1 liter) containing ampicillin and chloram-
phenicol and were induced with 1 mM IPTG for 2 hr at
377 once the exponential phase was reached. Bacteria
were collected by centrifugation, resuspended in 5 ml of FIG. 2. SDS–PAGE analysis of proteins expressed in E. coli BL21/
10 mM Tris–HCl, pH 8.0, 150 mM NaCl, and 1 mM EDTA, DE3(pLysS) transformed with pETA2. Bacterial extract was analyzed
after lysis (lane 1, insoluble material P1, and lane 2, supernatant S1)and lysed under pressure in a french press. Trans-Epoxy-
and subsequent heat treatment of S1 (lane 3, insoluble material P2,succinyl-L-leucylamido-(4-guanido)butane (10 mM ) and
and lane 4, supernatant S2). A negative control of induction was the200 mM 3,4-dichloroisocoumarin were added to the ly-
fraction S2 from E. coli BL21/DE3(plysS) transformed with pET3a con-
sate in order to prevent possible proteolysis of p2 by taining the gene III of CaMV in anti-sense orientation (lane 5). Proteins
bacterial enzymes. The lysate was centrifuged (12,000 g were stained with Coomassie blue. Marker proteins were coelectro-
phoresed (lane M). The arrow denotes CSSV p2.for 5 min) to yield the supernatant S1. The latter was
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FIG. 3. Sequence of C-termini of the complete p2 protein and of truncated forms produced from different plasmids. The four deletions remove
sequences between the C-terminal amino acid and one of the four prolines (in bold) present in the C-terminus of native p2.
(lane 2) where it represents approximately 10% of the Binding of CSSV p2 to nucleic acids
total proteins (evaluated by densitometry of the gel). After
After SDS–PAGE and electrotransfer onto nitrocellu-
heating at 657 for 15 min, most of the proteins precipi-
lose membrane, proteins were renatured and incubated
tated but p2 was still present in the supernatant S2 (lane
with either DNA or RNA labeled with 32P. None of the
4) where it represents about 75% of the total proteins.
bacterial proteins present in the tested fractions bound
Truncated CSSV p2 proteins were also produced from
nucleic acids under our experimental conditions (Fig. 5A,
the four constructs in which different amounts of se-
lanes 2 and 5). On the other hand, the results illustrated
quence at the C-terminus had been deleted. The four
by Fig. 5 clearly show that CSSV p2 is able to interact
deletions resulted in removal of a sequence extending
not only with CSSV DNA (Fig. 5A, lane 3) but also with
from the C-terminal amino acid to a proline located at
CaMV DNA and pBR322 DNA (Fig. 5B, lanes 2 and 4,
position 129, 114, 104, or 102, respectively (Fig. 3). As
respectively) as does CaMV p3 (Fig. 5A, lane 1, and Fig.
shown in Fig. 4, the truncated proteins have the expected
5B, lanes 1 and 3, respectively). As shown in Fig. 5A,
sizes, and are produced at levels (lanes 2 to 5) similar
and as observed in some but not all other experiments,
to that of the complete p2 protein (lane 1). After heat
the affinity of CaMV p3 for DNA was often higher than
treatment and centrifugation, the CaMV ORF III product
that of CSSV p2. RNA-binding assays presented in Fig.
expressed in E. coli (Mougeot, 1995) was also found in
5 reveal that p2 can fix both CSSV RNA (Fig. 5A, lane 6)
the supernatant (lane 6). S2 fractions enriched in p2 or
and BWYV RNA (Fig. 5B, lane 6). Note that CaMV p3,
p2-derived proteins were used for nucleic acid-binding
known so far only for its DNA-binding activity, also binds
assays without further treatment.
RNA (Fig. 5A, lane 4, and Fig. 5B, lane 5), even more
effectively than does CSSV p2.
Binding of the truncated forms of p2 to nucleic acids
Similar binding experiments were performed with the
four deleted p2 proteins. Immunodetection with antibod-
ies directed against p2 was used to confirm that equiva-
lent amounts of full-length and truncated p2 were fixed
on the nitrocellulose membrane prior to the binding ex-
periments (not illustrated). The DNA-binding patterns in-
dicate that the more the C-terminal end of p2 is deleted,
the less the corresponding protein interacts with nucleic
acids (Fig. 6). For example, the mutants p2D1 and p2D2FIG. 4. SDS–PAGE analysis of p2 proteins expressed in E. coli. S2
fractions were prepared from E. coli BL21/DE3(pLysS) transformed with (4 and 19 aa deleted, respectively) bound 50 and 90%
pETA2 (lane 1), pETA2D1 (lane 2), pETA2D2 (lane 3), pETA2D3 (lane less DNA, respectively (lanes 2 and 3) than wild-type
4), pETA2D4 (lane 5), or a pET3a-derived plasmid expressing CaMV p2, as estimated by scanning the autoradiogram. RNA-
gene III product (lane 6). Proteins (5 mg per lane) were stained with
binding assays (Fig. 6) showed that deletion of the lastCoomassie blue. Marker proteins were coelectrophoresed (lane M).
4 amino acids does not significantly modify the bindingThe arrow and arrowhead indicate the positions of CSSV p2 and CaMV
p3, respectively. capacity (lane 7), whereas the removal of 19 amino acids
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including the proline at position 114 impairs the ability
to fix RNA (lane 8). Both proteins p2D3 and p2D4 (29
and 31 aa deleted, respectively) were no longer able to
bind DNA (lanes 4 and 5) or RNA (lanes 9 and 10).
DISCUSSION
In order to study the properties of the CSSV gene 2
product, the corresponding ORF was cloned into an ex-
pression vector. The p2 protein expressed in E. coli was
mainly found in the soluble fraction of the bacterial lysate.
Heat treatment of the lysate and centrifugation resulted
in a considerable enrichment of the supernatant with p2,
allowing its direct use in binding assays. Such experi-
ments revealed that the p2 protein can interact with both
CSSV double-stranded DNA and single-stranded RNA as FIG. 6. Nucleic acid-binding assays for CSSV deleted p2 proteins.
Proteins were fractionated by SDS–PAGE. Each lane contained pro-well as with heterologous nucleic acids such as CaMV
teins (1 mg) from S2 fractions of E. coli BL21/DE3(pLysS) transformedDNA, pBR322 DNA, or BWYV RNA.
with pETA2 (lanes 1 and 6), pETA2D1 (lanes 2 and 7), pETA2D2 (lanesThe results of the DNA binding assays performed with
3 and 8), pETA2D3 (lanes 4 and 9), or pETA2D4 (lanes 5 and 10). After
the different versions of C-terminally truncated p2 indi- transfer onto nitrocellulose membrane, proteins were incubated in the
cate that p2 interacts via a lysine-rich region containing presence of CSSV double-stranded DNA (lanes 1 to 5) or of CSSV
single-stranded RNA (lanes 6 to 10) labeled with 32P. Resulting DNA–proline residues. The binding capacity is lost when the
and RNA–protein complexes were visualized by autoradiography. Thelast 20 C-terminal amino acids including 3 prolines are
arrow indicates complete CSSV p2.
removed. Such features allow us to tentatively classify
p2 among the DNA-binding proteins with KPK motifs
(Churchill and Travers, 1991). The absence of nucleotide
specificity for DNA recognition by p2 is in favor of an
association with the DNA minor groove as already shown
for other DNA-binding proteins containing basic motifs
with proline residues (Churchill and Travers, 1991). Hy-
drophobic interactions due to the presence of phenylala-
nine, tyrosine, leucine, and isoleucine among the 33
amino acids of the C-terminus (Fig. 3) may contribute to
the stabilization of this association. CaMV p3 has also
been shown to be a sequence-nonspecific DNA-binding
protein, the activity of which is conferred by the last 12
C-terminal amino acids, including 3 prolines (Mougeot
et al., 1993). Thus, CSSV p2 and CaMV p3 are similar in
that the DNA-binding domain of each is located in the C-
terminal regions. However, p3 is related to DNA-binding
proteins with a GRP motif, with R being replaced by W
(Mougeot et al., 1993). In the present study, we have also
shown that p2 is able to bind different RNA molecules
FIG. 5. Nucleic acid-binding assays for CSSV p2 protein. Proteins and that the domain of binding is in the same region of
were fractionated by SDS–PAGE. Each lane contained proteins (1 mg) the protein as for the binding to DNA. Indeed, the deletion
from S2 fractions of E. coli BL21/DE3(pLysS) transformed with pETA2 of the basic region which contains the proline residues
[(A) lanes 3 and 6, and (B) lanes 2, 4, and 6] or pET3a containing CaMV
also suppresses the association with RNA. However,gene III in sense orientation [(A) lanes 1 and 4, and (B) lanes 1, 3, and
none of the known RNA-binding motifs (Burd and Drey-5] or in anti-sense orientation [(A) lanes 2 and 5]. After transfer onto
nitrocellulose membrane, proteins were incubated in the presence of fuss, 1994) are present in this region. In binding to DNA,
32P-labeled double-stranded DNA from CSSV [(A) lanes 1 to 3], CaMV such proteins are thought to interact with the minor
[(B) lanes 1 and 2] or pBR322 [(B) lanes 3 and 4], or 32P-labeled single- groove. Consequently, if there is a resemblance between
stranded RNA from CSSV [(A) lanes 4 to 6] or BWYV [(B) lanes 5 and
the DNA minor groove and the RNA major groove con-6]. Resulting DNA– or RNA– protein complexes were visualized by
cerning recognition by a protein (Chen and Frankel,autoradiography. The arrow and arrowhead indicate CSSV p2 and
CaMV p3, respectively. 1995), p2 could recognize the conformation of the RNA
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groove of RNA resembles protein interactions in the minor groovemajor groove rather than a specific nucleotide sequence.
of DNA. Proc. Natl. Acad. Sci. USA 92, 5077–5081.The ability of CaMV p3 to bind RNA has been demon-
Churchill, M. E. A., and Travers, A. A. (1991). Protein motifs that recog-
strated in this paper but its domain of interaction with nize structural features of DNA. Trends Biochem. Sci. 16, 92–97.
RNA has not been established. The sequence-nonspe- Feinberg, A. P., and Vogelstein, B. (1983). A technique for autoradiola-
belling of DNA restriction endonuclease fragment to high specificcific DNA binding protein Hu of E. coli also has the capac-
activity. Anal. Biochem. 132, 6–13.ity to bind RNA (J. Rouvie`re-Yaniv, personal communica-
Greif, C., Hemmer, O., Demangeat, G., and Fritsch, C. (1990). In vitrotion).
synthesis of biologically active transcripts of tomato black ring virus
satellite RNA. J. Gen. Virol. 71, 907–915.
Possible function(s) which could account for the Hagen, L. S., Jacquemond, M., Lepingle, A., Lot, H., and Tepfer, M.
(1993). Nucleotide sequence and genomic organization of cacaonucleic acid-binding activity of the CSSV protein p2
swollen shoot virus. Virology 196, 619–628.
In view of the absence of studies on mutants in the Hendrix, R. W., and Garcea, R. L. (1994). Capsid assembly of dsDNA
viruses. Semin. Virol. 5, 15–26.ORF 2 and the lack of data related to the kinetics of
Himmelbach, A., Chapdelaine, Y., and Hohn, T. (1996). Interaction be-accumulation of p2 and to its location within the infected
tween cauliflower mosaic virus inclusion body protein and capsid
cells, a function cannot be assigned to p2. However, protein: Implications for viral assembly. Virology 217, 147–157.
the binding activity of p2 protein for both RNA and DNA Laco, G. S., and Beachy, R. N. (1994). Rice tungro bacilliform virus en-
codes reverse transcriptase, DNA polymerase, and ribonuclease Hsuggests some hypotheses. In the cytoplasm, the p2 pro-
activities. Proc. Natl. Acad. Sci. USA 91, 2654–2658.tein could condense the CSSV DNA genome in order to
Laemmli, U. K. (1970). Cleavage of the head of bacteriophage T4. Naturepermit nucleation or assembly of the bacilliform nucleo-
227, 680–683.
capsid as already demonstrated for other viruses (Hen- Lot, H., Djiekpor, E., and Jacquemond, M. (1991). Characterization of
drix and Garcea, 1994). Such a role has also been pro- the genome of cacao swollen shoot virus. J. Gen. Virol. 72, 1735–
1739.posed for p3 protein of CaMV (Mougeot et al., 1993).
Mazzolini, L., Dabos, P., Constantin, S., and Yot, P. (1989). Further evi-Another possibility is that p2 is involved in replication.
dence that viroplasms are the site of cauliflower mosaic virus ge-The replication of the CSSV genome probably occurs at
nome replication by reverse transcription during viral infection. J.
a specific site in the infected cells. Thanks to its RNA- Gen. Virol. 79, 3439–3450.
binding activity, p2 protein could be involved in the selec- Medberry, S. L., Lockhart, B. E. L., and Olszewski, E. (1990). Properties
of Commelina yellow mottle virus’s complete DNA sequence, geno-tion and transport of viral RNA to this site after its exit
mic discontinuities and transcript suggest that it is a pararetrovirus.from the nucleus. Finally, the virE2 protein of Agrobacter-
Nucleic Acids Res. 18, 5505–5513.
ium tumefaciens has been suggested to protect the T- Mellor, J., Fulton, A. M., Dobson, M. J., Roberts, N. A., Wilson, W.,
DNA against plant nucleases (Rossi et al., 1996). A simi- Kingsman, J., and Kingsman, S. M. (1985). The Ty transposon of Sac-
charomyces cerevisiae determines the synthesis of at least threelar function could be assigned to p2; that is, protection
proteins. Nucleic Acids Res. 13, 6249–6263.of the CSSV RNA before its translation or replication,
Mougeot, J. L. (1995). Ph.D. thesis. University Louis Pasteur, Strasbourg.and/or of the CSSV DNA before its packaging, assuming
Mougeot, J. L., Guidasci, T., Wurch, T., Lebeurier, G., and Mesnard, J. M.
in the latter case that reverse transcription would occur (1993). Identification of C-terminal amino acid residues of cauliflower
outside the virions as suggested for CaMV (Himmelbach mosaic virus open reading frame III protein responsible for its DNA
binding activity. Proc. Natl. Acad. Sci. USA 90, 1470–1473.et al., 1996).
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